The circadian clock organizes the timing of physiological processes in anticipation of diurnal environmental changes that originate from the rotation of the Earth. Several of the metabolic functions of adipose tissues are under regulation by the circadian clock to achieve temporal coordination and whole body homeostasis. Adipose tissues, once believed to only express physiological phenotypes that are downstream of central nervous system regulation, are now well described to communicate not only to other peripheral tissues, but also to the central nervous system for temporal orchestration of metabolism. In this review, we will cover the involvement of the circadian clocks, both master and adipocyte clocks, in the regulation of adipose tissue physiology and the associated consequences for energy homeostasis.
Introduction
Life has adapted to daily environmental fluctuations, governed by the Earth's rotation, by evolving mechanisms that anticipate change and adjust physiological processes at the most advantageous time of day. As a result, the majority of biological functions, including adipose tissue physiology, exhibit daily rhythmicity. These diurnal oscillations are evoked by circadian clocks (Takahashi, 2017) . Moreover, the intricacy of this circadian regulation manifests in what has been described ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T A C C E P T E D M
A N U S C R I P T (Esteve Rafols, 2014) . While clock genes have been found in most of these cell types (Hayashi et al., 2007; Nagoshi et al., 2004; Takeda et al., 2007; Wu et al., 2007) , the phase of clock gene rhythmicity, as well as relative cellular constituency, is driven by temporal factors within various biochemical pathways and by anatomical location (e.g. subcutaneous depots vs. visceral depots) (Lee et al., 2013; Zanquetta et al., 2012) . In addition to its cellular makeup, white adipose contains uniocular lipid droplets which signify its status as a major storage and regulatory center for energy in the form of triacylglycerides (TAGs). While it was originally believed to play a passive role in balancing energy budgets, the discovery of its ability to serve as an endocrinological entity in the late 1980s, coupled with the subsequent discovery of leptin, a key cytokine-like hormone factor, resulted in a paradigm shift within the metabolic literature. Ultimately, much of what has been A C C E P T E D M A N U S C R I P T garnered in the literature regarding nuanced clock homeostatic energetics comes from work done on this tissue.
Brown adipose tissue (BAT), despite being a class of adipose, is derived from a different cellular precursor than WAT, as exemplified by a (rather complicated) developmental lineage that is more akin to that of muscle cells (Seale et al., 2008) . This relates to its distinction of having high mitochondrial density, which in turn is correlated with its claim to fame as a temperature regulator.
More precisely, BAT converts chemical energy (ATP) into heat through the uncoupling of lipid oxidation in mitochondria -a phenomenon phenotypically referred to as non-shivering thermogenesis. To achieve this, BAT mitochondria contain a larger proportion of a transmembrane protein known as uncoupling protein 1 (UCP1). UCP1 effectively decreases the normal proton gradient established via oxidative phosphorylation through a shift in the permeability of the inner mitochondrial membrane. In doing so, protons pumped into the intermembrane space by ATP synthase are able to return to the mitochondrial matrix, thus disrupting the relative concentration of protons on either side of the membrane. What would normally result in a predominance of ATP production is now lost as heat through oxidation in an uncoupled system. In addition to dense mitochondrial presence, BAT can be identified histologically by its multi-ocular lipid droplets.
Unlike WAT, BAT is restricted to depots within the interscapular region and, barring coldinduction manipulations, is more prevalent in human infants and small mammals.
Lastly, beige or brite (literally "brown-in-white") adipose tissue is developmentally related to WAT, but exhibits functional plasticity in terms of its ability to function like BAT (Wu et al., 2013) . As its name suggests, it is found within WAT and represents an interesting case of adaptive and inducible transdifferentiation. Beige adipose is multiocular, expresses UCP1, and exhibits a A C C E P T E D M A N U S C R I P T mitochondrial density comparable to BAT despite WAT origins. Its status presents a conundrum to the current classification scheme, and research in this domain is currently in its infancy (Rosen et al., 2014) .
IV.
Circadian Clock and Adipocyte Differentiation
Findings from both in vitro and in vivo studies implicate the circadian clock with adipocyte differentiation. In an early study by Shimba and colleagues, mouse embryonic fibroblasts from Bmal1 knockout mice failed to differentiate into adipocytes (Shimba et al., 2005) . In contrast, a later study from Guo and colleagues showed increased adipogenic differentiation in mouse embryonic fibroblasts from Bmal1 knockout mice (Guo et al., 2012) . In this study, BMAL1 is found to activate the Wnt signaling pathway and suppress adipogenesis (Guo et al., 2012) . In agreement with the findings of this study, animals with global deletion of Bmal1 (Guo et al., 2012; Kennaway et al., 2013) , as well as adipocyte specific deletion of Bmal1 (Paschos et al., 2012) , show increased adiposity. Although increased adiposity in mice lacking Bmal1 may be the result of changes in lipogenesis and/or lipolysis, as we discuss further below, the increased adiposity of these animal models does not support the requirement of Bmal1 for adipocyte differentiation.
While the involvement of BMAL1 in the Wnt pathway is tied to its repressive impact in white adipocyte differentiation, BMAL1 also functions as a repressor in brown adipocyte differentiation, specifically in mesenchymal lineage commitment, yet its path of influence is via the TGFβ cascade and associated BMP signaling pathways (Nam et al., 2015b) . Since REVERBα is not only the negative regulator of Bmal1, but also a repressor of several TGFβ pathway components (Nam et al., 2015a) , its positive role in adipocyte differentiation is not altogether surprising. That said, much less is currently known regarding control and regulation of brown adipocyte differentiation
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Email address: gpaschos@pennmedicine.upenn.edu (Georgios K. Paschos) when compared with white adipocytes. REVERBα is found to exert transcriptional repression of key genes of the TGF-β pathway, e.g. Tgfbr2 and Smad3, and is therefore a positive regulator in brown adipocyte generation in vivo (Nam et al., 2015a) . Additional in vitro analysis and ex vivo studies determined that REVERBα operates in a cell-autonomous manner (Nam et al., 2015a) .
PPARγ, a master regulator of adipogenesis, is required for adipocyte differentiation (Kim et al., 2014a; Rosen et al., 1999) . In vivo mouse knock-out studies have shown that a lack of PPARγ from the embryonic stage results in an absence of postnatal adipogenic capability (Kubota et al., 1999) . PER2 has been found to directly bind to PPARγ and block its recruitment to promotor targets (Grimaldi et al., 2010) . By blocking PPARγ transcriptional activity, PER2 was shown to downregulate mouse embryonic fibroblast differentiation to adipocytes (Grimaldi et al., 2010) .
Another Period protein, PER3, appears to inhibit differentiation of mesenchymal stem cells into adipocytes. Overexpression of PER3 was found to prevent differentiation into adipocytes, while deletion of PER3 enhanced differentiation (Costa et al., 2011) . More recently, endogenous adipose-depot resident bona fide adipocyte precursor cells (APCs) were used to show that PER3
downregulates adipogenesis by direct regulation of Kruppel-Like factor 15 (KLFL5) expression in complex with BMAL1 (Aggarwal et al., 2017) . In addition to Period proteins, the circadian clock regulated protein nocturnin binds to PPARγ in adipocytes to increase adipogenesis (Kawai et al., 2010) .
REVERBα protein expression was found to be required for early cell proliferation during adipocyte differentiation with a concomitant nadir in associated mRNA levels; however, this pattern reverses at later stages, and expression of Reverbα mRNA effectively prevents adipogenesis via repression of PPARγ while protein levels are low (Wang et al., 2008) . Despite Mailing address: 10-102 Smilow, 3400 Civic Center Blvd., Philadelphia, PA 19104
Email address: gpaschos@pennmedicine.upenn.edu (Georgios K. Paschos) this, in vivo studies on Reverbα-knockout mice yielded individuals with normal amounts of adipose tissue (Chomez et al., 2000; Delezie et al., 2012) . This result, however, may be attributed to compensation by REVERBβ.
V. Circadian Control of Lipid Metabolism
White adipose tissue serves as an important storage depot for lipids in the form of triglycerides. In response to diurnal variations in energy demands and availability, fatty acids are released from WAT through hydrolysis of triglycerides to free fatty acids and glycerol (lipolysis) and are synthesized with glucose into triglycerides for storage in lipid droplets (lipogenesis). The circadian clock coordinates the timing of these processes by controlling key enzymes in the respective pathways. PER2 interacts with PPARγ to repress its transcriptional activity and reduce the synthesis of saturated and monounsaturated fatty acids in white adipose tissue (Grimaldi et al., 2010) . Deletion of Per2 in mice increases fatty acid oxidation with a concurrent reduction in triglyceride levels in white adipose tissue (Grimaldi et al., 2010) . Administration of synthetic REV-ERBα/β agonists reduces the expression of the genes encoding diacylglycerol Oacyltransferases (Dgat1, 2) that catalize the conversion of diacylglycerides to triacylglycerides, Perilipin 1 (Plin1) that surrounds lipid droplets and inhibits the initiation of lipolysis, and hormone sensitive lipase (Hsl) that catalizes lipolysis in white adipose tissue (Solt et al., 2012) . Mice fed synthetic REV-ERBα/β agonists present lower levels of plasma triacylglycerides and nonesterified fatty acids (Solt et al., 2012) . Mailing address: 10-102 Smilow, 3400 Civic Center Blvd., Philadelphia, PA 19104
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Ablating the master clock in the SCN of mice affected the expression of genes encoding proteins of the cholesterol and lipid biosynthetic pathways in white adipose tissue, suggesting that the SCN clock is involved in the regulation of lipid metabolism in adipose (Kolbe et al., 2016) . This is unsurprising given the central role of the sympathetic activation of lipolysis via sympathetic signaling from hypothalamic nuclei to white adipose tissue (Geerling et al., 2014) . Additionally, the circadian clock of adipocytes is found to control adipose triglyceride lipase (ATGL) and hormone sensitive lipase (HSL) that serve lipolysis, as well as lipoprotein lipase (LPL) and
Stearoyl-CoA desaturase-1 (SCD1) that serve lipogenesis (Paschos et al., 2012; Shostak et al., 2013) .
Lipolysis in response to fasting is defective in mice with a dominant negative mutation of Clock (Clock Δ19 mice) (Shostak et al., 2013) , and the diurnal rhythm of fatty acid and glycerol plasma concentrations is disrupted not only in Clock Δ19 mice, but also in mice with adipocyte specific disruption of Bmal1 that have functional clocks in all cells but adipocytes (Paschos et al., 2012; Shostak et al., 2013) . This latter finding suggests a role of the adipocyte circadian clock in the regulation of lipolysis independent from the central clock regulation of lipolysis. In agreement with decreased lipolysis, mice with defective adipocyte clocks display increased adiposity (Paschos et al., 2012; Shostak et al., 2013) . The independent role of the adipocyte clock in the regulation of lipid metabolism in adipose tissue is further highlighted by a reduction in unsaturated fatty acids in triglycerides from white adipose tissue and an increase in short chain fatty acids in triglycerides from brown adipose tissue of mice with an adipocyte-specific deletion of Bmal1 (Castro et al., 2015) .
A C C E P T E D M A N U S C R I P T
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VI. Circadian Clock Control of Adipose Tissue Endocrine Function
The participation of adipose tissue in whole-body energy metabolism involves the secretion of peptide hormones called adipokines to coordinate energy intake, storage, and utilization. As such, the timing of adipokine secretion is critical for maintaining diurnal rhythms of metabolism. Despite this, very little is currently known on the regulation of adipokine secretion by the circadian clock with the exception of a number of reports regarding leptin. A diurnal rhythm of plasma concentrations of adiponectin was shown in mice (Rudic et al., 2004) and humans (Gavrila et al., 2003) , while diurnal variation of plasma leptin has been shown in mice (Ahren, 2000) , rats (Bodosi et al., 2004) , and humans (Gavrila et al., 2003; Heptulla et al., 2001) . The oscillations of plasma leptin levels in mice correlate with the fed state of the animals, with higher plasma leptin during the active/feeding phase and lower levels during the rest/fasting phase of the daily cycle (Arble et al., 2011) . Altering feeding schedules by constraining mice to eat exclusively during their rest phase reverses the rhythm of plasma leptin levels (Arble et al., 2011) . The involvement of the circadian clock in the generation of plasma leptin rhythms has been assessed in humans kept at a constant routine and fed isocaloric meals every 2 hours for 38 hours (Shea et al., 2005) . The study revealed a persistent rhythm of plasma leptin that was independent of feeding and behavior (Shea et al., 2005) . In mice, the role of the master clock was examined by lesion of the SCN. Mice with no SCN showed arrhythmic plasma leptin levels; however, the contribution of this change to the feeding rhythms of mice without SCN was not directly assessed (Kalsbeek et al., 2001) . The contribution of the adipocyte clock to the rhythms of plasma leptin, conversely, has not been established. In vitro examination of differentiated, synchronized white adipocytes failed to show circadian rhythm in leptin gene expression (Otway et al., 2009) Mailing address: 10-102 Smilow, 3400 Civic Center Blvd., Philadelphia, PA 19104
Email address: gpaschos@pennmedicine.upenn.edu (Georgios K. Paschos) leptin in WAT from ad libidum fed mice was not rhythmic (Zhang et al., 2014) . In agreement with the lack of a role of the adipocyte clock in the rhythmic synthesis and secretion of leptin, leptin gene expression did not change in mice without a functional adipocyte clock (Paschos et al., 2012) .
Furthermore, the arrhythmic plasma leptin levels of Clock Δ19 mice and adipocyte-Bmal1 knockout mice correlate with the attenuation of the feeding rhythm in these mice, suggesting that the feeding status may drive the arrhythmicity of plasma leptin instead of a direct effect of the circadian clock (Paschos et al., 2012; Turek et al., 2005) . The direct role of the master clock and adipocyte clocks in the synthesis and secretion of leptin will have to be evaluated in carefully designed studies that control for the effect of circadian clock-mediated feeding status.
VII. Circadian Clock and Food Intake Control
The orchestration of daily feeding rhythm by the circadian clock has been suggested by early studies showing that lesions of the SCN attenuated the feeding rhythm in rats (Nagai et al., 1978) .
The projections from the SCN to numerous hypothalamic nuclei involved in the regulation of feeding behavior further support the involvement of the master clock in food intake regulation (Buijs et al., 1994; Saper et al., 2005) . On the other hand, mice with forebrain deletion of Bmal1 that lack a functional SCN clock show intact food anticipatory activity when access to food is restricted to a specific time of day (Izumo et al., 2014) . This observation highlights the complexity of food intake regulation which involves homeostatic and reward pathways. The multiple animal models of circadian disruption that present attenuation of feeding rhythms, i.e. the Clock Δ19 mouse (Turek et al., 2005) , the postnatal Bmal1 knockout mouse (Yang et al., 2016) , the Per2 knockout mouse (Yang et al., 2009) , and the Per1/2 deficient mouse (Thaiss et al., 2014) , support the role of the circadian clock in the regulation of food intake. In line with a role of PER1 in food intake
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Feedback from the periphery to the hypothalamic centers that control feeding supports the idea that peripheral clocks may organize the timing of feedback signals to the hypothalamus in order to generate feeding rhythms. Indeed, ablating the adipocyte clock in mice attenuates their feeding rhythm (Paschos et al., 2012) .
VIII. Circadian Clock and Brown Adipose Tissue
The circadian clock in BAT appears to generate rhythmic expression in approximately 8% of the protein encoding genes, roughly double the number of genes with rhythmic expression in WAT (Zhang et al., 2014) . Shifting the light phase changed not only circadian, but also thermogenic gene expression in BAT and induced brown to white adipocyte transformation with accumulation of lipids (Herrero et al., 2015) . Constant exposure to light throughout the 24-hour cycle increased adiposity in mice by decreasing adrenergic signaling to BAT that reduced glucose and fatty acid uptake in BAT (Kooijman et al., 2015) . β-oxidation of fatty acids fuels BAT thermogenesis, and the uptake of both glucose and fatty acids by BAT increases with the activation of thermogenesis (Cannon et al., 2011) . Glucose and fatty acid uptake by BAT was found to be rhythmic in mice, and the capacity of BAT to clear postprandial lipids is time dependent (van den Berg et al., 2018; van der Veen et al., 2012) . Similarly, glucose utilization in human BAT is rhythmic with a peak during the start of the active phase ) -the same phase of peak thermogenic activity in mice. Mice deficient in PER2 exhibit reduced utilization of fatty acids and UCP1 expression in BAT that is dependent on PPARα activity and ultimately results in a reduced ability to maintain temperature in response to cold exposure (Chappuis et al., 2013) . Conversely, REV-ERBα- in WAT (Monnier et al., 2018) . Sympathetic innervation of BAT originates from hypothalamic nuclei including the SCN, suggesting a central regulation of BAT thermogenesis rhythms (Bartness et al., 2001) . The ventromedial hypothalamus (VMH) is another hypothalamic nuclei that innervates BAT and is known to regulate diet-induced thermogenesis (Kim et al., 2011) .
Ablating the VMH clock in mice increased BAT thermogenic capacity and sympathetic signaling to BAT, resulting in increased whole body energy expenditure (Orozco-Solis et al., 2016) .
IX. Conclusion
The 
